ABSTRACT: In the presence of matter, there is no fundamental limit preventing confinement of visible light even down to atomic scales. Achieving such confinement and the corresponding resonant intensity enhancement inevitably requires simultaneous control over atomic-scale details of material structures and over the optical modes that such structures support. By means of self-assembly we have obtained side-by-side aligned gold nanorod dimers with robust atomically defined gaps reaching below 0.5 nm. The existence of atomically confined light fields in these gaps is demonstrated by observing extreme Coulomb splitting of corresponding symmetric and antisymmetric dimer eigenmodes of more than 800 meV in white-light scattering experiments. Our results open new perspectives for atomically resolved spectroscopic imaging, deeply nonlinear optics, ultrasensing, cavity optomechanics, as well as for the realization of novel quantum-optical devices.
T he interaction of light and matter, that is, absorption and emission of photons, can be considerably enhanced in the presence of strongly localized and therefore highly intense optical near fields.
1 Plasmonic gap modes in resonant metal− insulator−metal (MIM) structures have gained much attention in this context since they provide the possibility to strongly concentrate optical fields into the insulating gap. 2 Consequently, such structures find broad applications, for example, in single-emitter surface-enhanced spectroscopy, 3−7 quantum optics, 8, 9 nonlinear optics, 10−12 optical trapping, 13 metamaterials, 14, 15 and molecular opto-electronics. 16 The success of resonant MIM structures is based on two fundamental properties of their antisymmetric electromagnetic gap modes. (i) As a direct consequence of the boundary conditions, the dominating field components normal to the metal-dielectric interfaces are sizable only inside the dielectric gap. This means that for antisymmetric gap modes the achievable field confinement is not limited by the skin depth of the metal, but is solely determined by the actual size of the gap. (ii) Since the free electrons of the metal respond resonantly to an external optical frequency field, enormous surface charge accumulations, accompanied by intense optical near fields, will occur. In addition, with decreasing gap width, stronger attractive coulomb forces across the gap lead to further surface-charge accumulation and a concomitantly increased near-field intensity enhancement. 2 We therefore conclude that, using MIM structures, an experimental realization of atomicscale concentration of electromagnetic fields at visible frequencies is possible, at least within classical Maxwell theory.
MIM structures with atomic-scale gaps for optical experiments have been created by various methods. Structures with tunable gap width can be created by means of mechanical breakjunctions, 17 shearforce microscopy 18 and scanning tunneling microscopy. 19 Stationary atomic-scale gaps can be created, for example, by electromigration, 20 in colloidal particle dimers, 21 or colloidal particles on top of insulator-coated metal films.
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Potentially all such structures are able to support (in some cases even resonant) atomic-scale confinement of optical fields. However, resonant small-gap structures support a multitude of symmetric (nonconfining) and antisymmetric (confining) modes. In particular, for very small gaps the respective resonance positions of antisymmetric modes depend strongly on the gap width and resonances become difficult to assign even using linear spectroscopy. 21 This difficulty becomes even more pronounced if the actual geometry and crystal structure of the gap is not well controlled or characterized. Even though atomic-scale control of (nonlinear) optical signals and possibly a corresponding confinement has been achieved by means of scanning probe technology, 18, 19 it would require a complete experimental mode analysis as a function of the gap width in order to draw rigorous conclusions about the confinement of optical fields in such experiments.
Here, we give experimental evidence of atomic-scale confinement of electromagnetic fields at visible frequencies by combining for the first time both atomic-scale shape control of the field confining structure 23 as well as a careful selection and assignment of suitable optical modes by linear spectroscopy. 24, 25 We study single-crystalline nanorods that self-assemble into side-by-side aligned dimers with gap widths below 0.5 nm. Side-by-side aligned nanorod dimers possess various distinguishable symmetric and antisymmetric modes in the visible range. 26 In contrast to previous work on similar structures, 27, 28 we demonstrate full control over symmetric and antisymmetric optical modes by means of white-light scattering experiments. We experimentally demonstrate the presence of atomic-scale light confinement in these structures by observing an extreme hybridization splitting (>800 meV) of corresponding symmetric and antisymmetric dimer modes. It should be noted that for a given gap geometry the hybridization splitting between corresponding symmetric and antisymmetric modes provides a measure for the interaction of surface charges across the gap. A large splitting therefore indicates a correspondingly strong confinement of the electric field of the antisymmetric mode. As we will discuss, our results open new perspectives for atomically resolved spectroscopic imaging, deeply nonlinear optics, ultrasensing, cavity optomechanics as well as for the realization of novel quantum-optical devices.
To obtain nanostructures with very small gaps, we dropcast chemically grown nanorods (Nanorodz, Nanopartz, Loveland, U.S.A.) onto an ITO-coated glass coverslip (Menzel Glaser, Braunschweig, Germany) onto which a gold marker structure was prefabricated by electron beam lithography. The marker structures are designed to be easily observable in both dark-field optical microscopy and scanning electron microscopy (SEM) (Helios Nanolab, FEI Company), allowing for a precise and fast identification of individual nanostructures by both techniques. The nanorods exhibit an intrinsic size distribution with lengths and diameters ranging from 62 to 78 nm and 25 to 32 nm, respectively (Supporting Information Figure S1 ). Gold nanorods tend to align side-by-side due to the joint action of capillary forces 29 and the interdigitation of the nanorod's surfactant layers in order to minimize the hydrophilic− hydrophobic interaction in presence of water. 30, 31 Because of the coffee stain effect, the nanorods gather at the rim of the droplet and isolated dimers can be quickly identified in an SEM. We note that, if necessary, further control over the selfassembly process could be achieved by various methods. 32, 33 After the self-assembly, we remove excess surfactant, cetyltrimethyl-ammoniumbromid (CTAB), by rinsing the sample in 70°C warm ultrapure water (Milli-Q) and exposing it to an oxygen plasma.
To characterize the typical gap width of self-assembled gold nanorod dimers, high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) was performed. To this end nanorods have been deposited on a holey carbon film and we used an FEI Titan 80-300 electron microscope operating at 300 kV and having a STEM resolution of 0.13 nm. Careful analysis yields gaps ranging from 0.5 to ∼2 nm with an average gap width of 1.3 nm (Supporting Information Figure S2 ). Figure 1 shows a HAADF-STEM image of a typical nanorod dimer and a zoom to the gap region. To reveal the atomic structure, the left rod was oriented along the [110] zone-axis.
In order to facilitate the assignment of nanorod dimer plasmon resonances, we have performed numerical finitedifference-time-domain (FDTD) simulations for a range of gap widths using commercial software (FDTD Solutions v6.5.11, Lumerical Solutions). The rods were modeled as cylindrical particles with spherical end-caps. The diameter of the rods was set to 30 nm and the length was set to 70 nm, which is in accordance with results from electron microscopy (Supporting Information Figure S1 ). The substrate consists of a 200 nm thick ITO layer (dielectric material with n = 1.7) on top of a semi-infinite SiO 2 layer (dielectric material with n = 1.455). The dielectric constant of gold is modeled by an analytical fit to experimental data. 34 The mesh was chosen to include 10 mesh cells within the gap and the minimal mesh size is set to 0.1 nm 3 . It is worth noting that the FDTD algorithm has proven to give robust results for resonance position and quality factor even for a comparatively small number of mesh cells in the gap (Supporting Information Figure S5 ). Variation of the gap width strongly influences the electromagnetic coupling strength and therefore causes characteristic shifts of the modes. (Figure 2c,d ) are assigned to the antisymmetric hybridized counterpart of the longitudinal mode as well as the second-order antisymmetric mode. These latter modes can also be interpreted as the first-and second-order mode of a "cavity" that consists of two rods supporting a highly localized MIM mode 35, 36 propagating along the gap and being reflected at the rod's ends. 37 Cavity resonances occur for extended dimer lengths of L = mλ/(2n eff ), where m is the order of the resonance. 38 Note that in our structures, due to the narrow gap, the effective index n eff can be as high as 14. The resulting strong localization of the optical near-field in all three dimensions leads to unprecedentedly small modal volumes 39 of 520 nm 3 for the second-order cavity mode. In view of experimental studies, the polarization-dependent radiation patterns of the dimer eigenmodes need to be determined to enable the assignment of the observed peaks as well as to ensure optimal excitation. 40 The far-field polarization of each mode is generally oriented parallel to the symmetric plane of a mode. For the coupled longitudinal/ transverse mode such a plane obviously exists in the longitudinal/transverse direction, respectively. Accordingly, the second-order cavity mode emission exhibits transverse polarization. The first-order cavity mode has a quadrupolar character with two antisymmetric planes and emission to the far-field is therefore expected to be weak and is found to be polarized along the longitudinal direction. The corresponding simulated emission patterns are plotted in Figure S3 (Supporting Information).
Optical characterization of nanorod dimers was performed using an asymmetric white-light dark-field scattering scheme employing an off-axis needle-like beam to enable efficient excitation of dark and bright modes of all symmetries. 41 To this end the needle-like beam (1−2 mm diameter) originating from a halogen lamp is focused by a microscope objective (PlanApochromat, 63x, NA = 1.4, Zeiss) to the sample plane. Since the off-axis beam is parallel to but displaced from the objective's optical axis, it hits the sample surface at an angle larger than the critical angle of total internal reflection. Illuminated nanorods scatter light into a broad angular range collected by the same objective while the reflected excitation beam is blocked by a small beam stop. An analyzer (LPVIS, Thorlabs) is used to select the polarization of the scattered light before the entrance slit (200 μm) of the spectrometer (ACTON SpectraPro 2300i, 150 grooves per mm grating blazing at 500 nm). The typical acquisition time of the charge-coupled device (Andor DV434-BV) is 20 s.
Even the robust side-by-side self-assembly leads to dimers with slightly variable geometries as well as slight variations in gap width. For our data analysis, we therefore only selected the most symmetric structures by means of scanning electron microscopy (Supporting Information Figure S1 ). Typical scattering spectra of such dimers (Figure 2e ) reveal four resonances within the observation window (500 to 1000 nm wavelength).
Two resonances exhibit an emission polarization along the longitudinal axis (blue disk, orange star) of the nanorod dimer, while the other two resonances show transverse polarization (green triangle, red square). The resonance wavelength and the quality factor of each resonance are obtained by fitting a Lorentzian line shape to each peak. Taking resonance position and far-field polarization into account the observed resonances can unambiguously be identified as the coupled transverse (green triangle), coupled longitudinal (blue disk), first-order (orange star), and second-order (red square) cavity mode by comparing to FDTD simulations.
The excitation efficiency of each resonance depends on the orientation of the structure with respect to the excitation plane and polarization. 40 Indeed the scattering intensity of each resonance can be tuned by varying the orientation of the nanorod dimer with respect to the excitation plane (data not shown). For all investigated structures, both cavity resonances and the longitudinal resonance could be easily identified according to their emission polarization and their resonance position. The scattering intensity of the coupled transverse mode is typically very weak, since it falls into a region, where gold exhibits strong interband damping. Therefore, the weak transverse resonance could not always be identified with sufficient fidelity.
For further data analysis, we exploit the fact that the energy splitting (ΔE) of the hybridized pair, longitudinal and firstorder cavity resonance, is a measure of the coupling strength which depends on the gap width and the refractive index of the material inside the gap. In Figure 2f , we plot energy splitting versus resonance position for simulated dimers with different gap width and refractive index in the gap (solid lines) along with the experimentally obtained values of all investigated dimers (symbols). We find good agreement between experiment and simulation, for example, the characteristic crossing point between longitudinal and second-order cavity mode, indicating that variations in the gap are indeed the dominant source of spectral shifts in our experiments.
As a next step, we study the simulated dependence of energy splitting and gap width for the extreme cases of no material (n = 1) and water (n = 1.3) in the gap. An approximately linear relationship between inverse energy splitting and gap width is found in the considered gap width range of 0.5 to 3.2 nm (inset in Figure 2f ). For gap widths <0.5 nm, this relation becomes nonlinear. Each nanorod dimer therefore possesses an internal ruler that sensitively reports the gap width in a range of few up to tens of angstroms once calibrated by FDTD simulations.
Assuming a refractive index of n = 1.3 in the gap, we are now able to assign a gap width to each nanorod dimer that was investigated (Figure 2f ). The resulting gap widths range from ∼2 to <0.5 nm, which is in good agreement with our HAADF-STEM studies. Two dimers show extreme hybridization splittings of up to 800 meV, falling outside of our linear calibration regime. Qualitatively, the gapwidth axis becomes stretched for splittings >750 meV. These large splittings therefore suggest gap widths of about 0.3 nm, which is close to the nearest-neighbor distance between gold atoms in the crystal lattice and consequently poses a lower limit for the gap width.
Our gaps therefore enter a regime where quantum effects are expected as suggested by recent theoretical work. 42, 43 However, even for gap sizes of 0.26 nm the reported 43 resonance of the bonding dimer plasmon blue shifts by only 30 nm and the reported 43 broadening of the resonance leads to a decrease in quality factor from 11 to 3. It is challenging to observe such small resonance shifts with the necessary reliability and precision, in particular taking into account small remaining variations in geometrical parameters, such as rod length, shape of the end-caps, slight asymmetries of the dimers (Supporting Information Figure S4 ), as well as uncertainties in the dielectric function of material in the gap or gold itself. We can exclude touching particles, since their expected mode spectrum is not compatible with the observed one. Therefore the observation of extreme hybridization splittings points toward a rather small influence of quantum effects. However, it is interesting to note that systematic deviations between simulations and experimental data at small gap widths seem to be most pronounced for antisymmetric modes at higher energies. This finding is in agreement with simulation results taking into account nonlocal effects. 44 Analysis of the quality-factor of each resonance was also performed (Supporting Information Figure S4 ) and yielded good agreement between simulation and experiments for the coupled longitudinal resonance. However, for both observed cavity resonances the experimentally measured quality factors are significantly lower than in simulations, even when including the effect of structural asymmetries that may lead to additional radiative losses of dark modes. As a matter of fact, unexpectedly low quality factors of experimentally observed dark modes are a common feature in the literature and are not necessarily correlated with the presence of atomic-scale gaps. 41 single-crystalline structures are used in the present study, we exclude effects of domain boundaries as a major source of the observed additional broadening, leaving nonlocal effects, electron tunneling, and surface-related effects, 46, 47 all not considered in simulations, as probable causes of this behavior.
In conclusion, we have investigated the rich mode spectrum of side-by-side aligned gold nanorod dimers. STEM analysis of the dimers confirms the presence of atomically well-defined sub-1 nm gaps. The successful assignment of symmetric and antisymmetric modes allows us to use the hybridization splitting between corresponding modes as a direct measure for the Coulomb interaction between surface charges across the gap. The observed splitting of up to 800 meV reveals the presence of atomically confined and resonantly enhanced optical fields in the dimer gap. We find that the influence of quantum effects remains small even down to the smallest possible gap width, that is, the nearest-neighbor distance between gold atoms in the crystal lattice.
The atomic-scale confinement and enhancement of visible light for the cavity modes (Figure 2c,d) , as well as their spectral tunability and large sensitivity to the gap width, will have applications in various fields of research. In order to realize optical spectroscopy with near-atomic resolution, for example, exploiting Raman scattering, dimers with flat end-facets could be embedded in suitable tip structures for scanning probe microscopy. The small modal volume can lead to strong lightmatter interaction and therefore sensing of molecular fluctuations in the gap, for example, conformational changes or spatial diffusion, might be possible. The strong dependence of the resonance wavelength on the gap will open new possibilities in the field of cavity optomechanics. 48 It is also conceivable that quantum-optical effects, like the so-called photon blockade, 49, 50 may become observable in gold nanorod dimer resonators due to their extremely small modal volumes. Furthermore, generation of high harmonics has been predicted to occur in metal particle dimers featuring ultrasmall gaps, 42 which could give rise to novel solid-state sources of attosecond laser pulses. Supporting Information provides further information on the size distribution of the investigated dimers, details on the determination of the gap width, emission patterns of the dimer resonances, the quality factor and its dependence on structural asymmetries, and numerical uncertainities due to meshing of small gaps. This material is available free of charge via the Internet at http://pubs.acs.org.
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